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NOMENCLATURE 
a Particle diameter 
A Surface area of suspension volume element considered 
for a force balance 
AQ Sum of surface area of particles in the volume 
element of the slurry 
C Local concentration of admixture 
C Time average local concentration of admixture 
c Fluctuating ccaoponent of local concentration, (C-C) 
c' Root mean square fluctuating component of concentra­
tion 
d Tube diameter 
D Molecular diffusivity 
Dg Eddy diffusivity 
e^j Rate-of-strain tensor 
E Energy spectrum tensor 
Eç Concentration intensity spectrum tensor 
f(r) Longitudinal velocity correlation coefficient 
f^ ac current frequency 
g Gravitational constant 
Iç Intensity of scalar quantity fluctuations 
k Wave number vector 
k^ ^  Inertial range scalar quantity wave number 
kj^ Kolmogoroff wave number 
iv 
k' Conductivity probe constant 
K,k' Consistency parameters 
K(r) Triple velocity correlation coefficient 
L Length of the pipe 
Scalar quantity macroscale 
Velocity macroscale 
Lj^ Lagrangian macroscale for diffusion 
n,n' non-Newtonian behavior power index 
n^ Normal vector in i^ direction 
^e*%e number 
N_ Schmidt number 
oc 
p Pressure 
p Fluctuating ccat^xanent of pressure in turbulent flow 
P Hydrodynamic mean pressure 
Q Volumetric flow rate 
r^ Pipe radius 
R Velocity correlation coefficient 
R Scalar quantity correlation coefficient C/ c 
Lagrangian correlation coefficient 
Re,^ Microscale Reynolds number 
t Time 
t_ Scalar mixing Eulerian microscale £i 
T Temperature 
y Axial distance from the wall 
y"^  Dimensionless distance, (= yU*/v) 
V 
u Fluctuating con^nent of velocity vector 
u' Root mean square fluctuating velocity 
u Local velocity vector 
Û Time average local velocity vector 
< Dimensionless velocity# (= TJ^/U*) 
U* Friction velocity, (= J xw/p) 
Voltage signal fran conductivity probe 
\ Voltage signal frc*n thermistor 
Greek Symbols 
a Volume fraction solids 
Y Rate-of-strain tensor 
6 Kolmogoroff length scale 
e Energy dissipation 
Ce Concentration intensity dissipation 
^ijk Permutation symbol 
P Density 
S Electric potential 
P- Viscosity 
Effective viscosity of a suspension 
V Characteristic velocity in boundary free flow 
V Kinematic viscosity 
\ Velocity microscale 
\ 
"c 
Scalar quantity microscale 
Shear stress in i^^ direction perpendicular to j 
axis 
vi 
T,, Shear stress at the wall 
w 
Subscripts 
c Refers to scalar quantity 
f R "fers to the fluid 
r Refers to radial direction 
s Refers to solids 
p Refers to conductivity probe 
t Refers to thermistor 
z Refers to axial distance 
Coordinate System Notation 
X/ 2, J}./ r Cartesian coordinates, (= x^ /x^ x^g) 
(r, e, z) Cylindrical coordinates 
(r, 0, 5) Spherical coordinates 
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I. INTRODUCTION 
In many Industrial and chemical operations such as 
paper making, food and chemical processing, slurry transport 
is indispensable. With present day awareness of pollution, 
turbulent mixing in suspensions have becane increasingly 
important, most visible exanple being industrial waste-water 
treatment systons (74). More recently, wide recognition of 
the advantages of transport chemical reactors and possibility 
of using finely divided solids suspended in the coolant fluid 
for the nuclear reactors have met serious considerations, 
especially in view of present day search for alternate energy 
resources. 
In the present research mass transfer in the turbulent 
transport of suspensions is considered and it is hoped that 
the results would also shed scane light on heat transfer 
characteristics in such cases. For the purpose of this 
study, mixing criteria are based on the definition given by 
Danckwerts (21). He defined "goodness" of mixing in terms 
of scale of segregation and the intensity of segregation. 
If the scale of segregation is large, the size of relatively 
unmixed regions is large, and vice versa. The intensity of 
segregation was defined as a measure of the departure of 
the concentration fran its mean value. Turbulent mixing 
may be adequate when mixing is not desired on too fine a 
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scale, e.g., blending of two grades of gasoline. In this 
case scale of segregation alone would serve to define the 
quality of a mixture. In the event where chemical reaction 
occurs, mixing on a molecular scale is required. The in­
tensity of segregation would then better characterize the 
goodness of mixing. Both of these aspects have been studied. 
Present state of knowledge in solid-liquid flow is min­
imal due to the conç)lexity of the problem. In addition, lack 
of measuring technique is one of the major stumbling blocks 
in the study of the turbulent mixing. 
Since turbulent mixing study should lead to, or begin 
with the solution of turbulent motion, the present research 
includes a study on flow characteristics of suspensions as 
well. However, the major objective of this research has 
been a more complete and basic understanding of the mixing 
behavior in liquid phase of slurry flow systems. The eddy 
diffusion in the radial direction, as well as the local con­
centration fluctuations have been investigated. The data 
are correlated in terns of the suspension Reynolds number 
and interparticle spacing. 
To this end, 
1. A capillary visccaneter was constructed to predict 
the flow characteristics of the suspensions, 
2. Turbulent mixing apparatus was constructed to study 
the scalar quantity transport in the suspension in 
3 
pipe flows/ and 
3. A suitable technique for the measurement of tur­
bulent concentration fluctuations was devised. A 
novel temperature ccsnpensated electrical conductiv­
ity probe to measure electrolyte concentration was 
developed. 
The results have been analyzed on the assumption that 
the flow is isotropic. Pipe-flow is known to be nonisotropic. 
However, at high Reynolds number, it may be possible to ap­
ply isotropic results to nonhomogeneous flows as an approxi­
mation. At very high wave numbers or in small eddies, the 
effect of boundaries may be coirç>letely lost or is negli­
gible. Thus the small eddies can be considered independent 
of the boundaries or mean flow. Even though the system as a 
whole may be nonhomogeneous, it may be locally isotropic. 
Moreover due to its relative simplicity, isotropic turbu­
lence is more amenable to fundamental theoretical treatment 
than any other type and the results may be checked more 
easily by suitable experiments carried out in turbulence 
that is nearly isotropic. Cohen (14) did find equality of 
the three con^xjnents of the root mean square velocities at 
the center-line in a 3 inch pipe, though this is not a proof 
that the flow is isotropic. Besides, isotropic turbulence 
is the only case that is theoretically solved. As in any 
other approach to a complex problem, certain simplifying 
4 
assumptions have to be made in accordance with the practical 
utility of the results. Semiempirical theoretical esti­
mates are compared with the experimental values obtained 
in this research. 
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II. LITERATURE REVIEW 
A. Flow Characteristics 
The first quantitative description of viscous fluid 
flow was given by Newton as described in (13). He hypothe­
sized that in a viscous flow the shear stress is propor­
tional to the relative velocity of adjacent zones. This 
is the familiar Newton's law of ,viscosity. 
The first experiments to study this relationship using 
capillary tubes were made by Hagen (32) and Poiseuille (56). 
Their work resulted in the now commonly known Hagen-Poise-
uille equation. The analytical expression was derived by 
two physicists / Neuman and Hagenbach as referred to in (33) 
which reads . 
AP4 
° = 8îïr ' (2-1) 
where p. is the viscosity coefficient. The development of 
capillary viscometers was a direct consequence of Equation 
2.1. 
Reynolds (60) observed that a mixture of water and 
rigid particles expanded volumetrically under shear in vio­
lation of Newtonian hypothesis. In the early part of the 
century, different researchers observed a variety of ef­
fects, such as shear-thinning and elastic responses, which 
were not consistent with the Newtonian characterization. 
Beginning with the work of Reiner (59) a major effort was 
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made to develop a new vis come try for fluid systems. Per­
haps, the most significant work in the rigorous treatment 
of capillary visccaneters is that of Einsenschitz et al. (22) 
Mooney (51) expanded on Weissenberg's work to include the 
problQti of possible slip at the solid surfaces. 
Various designs of capillary viscometers, their merits 
and demerits from the point of view of the corrections to 
be applied, such as end effects, are discussed in the book 
by Van Wazer, et (73). Most of the pertinent work is 
reviewed therein. 
A wide variety of nonlinear relations between shear 
stress and shear rate have been used to correlate non-
Newtonian fluid data. Most commonly used relation is the 
power law model. 
T = - K(^) , (2.2) 
where K is the consistency parameter and n, the non-
Newtonian index. Metzner (46) has written an excellent 
review article in this regard and has correlated many of 
the prior data using this approach. 
More recently Griskey and Green (30) have reviewed 
the work, augmented by their own data, in the field of 
dilatant fluids. The power law model adequately describes 
quite a few suspension systems. 
Theoretical analysis of the rheological properties of 
7 
suspensions of solids dates to Einstein's (23) classical 
study of the viscosity of dilute suspensions of rigid 
spheres. More recently, Einstein's theory has been gen­
eralized by Batchelor (3). 
Proceeding from Einstein's method, Guth and Siniha 
(31) have developed expressions for the viscosity of con­
centrated suspensions by considering first order inter­
actions . 
There have been extensive data collected on rheological 
properties of suspension in the last 50 years. A review of 
the literature indicates considerable scattering of the data 
derived fran investigations of the effect of concentration 
on the viscosity of suspensions. Thomas (67, 68, 70) in a 
series of articles has considered various aspects of sus­
pension viscometry and minimum transport velocity. He has 
also attempted to develop a "master curve" of viscosity of 
suspensions of spheres by eliminating diameter and shear 
rate effects. 
For large particle suspensions, more recently, strik­
ingly different behavior has been observed. Besides 
Stokesian drag, transverse force comprising of Magnus ef­
fect and slip-shear force significantly contribute in to 
force balance. Also Bessett acceleration is no more trivial. 
Fortunately, for small particles these ë££êûts are neg­
ligible. Such is the case in the present research. 
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The analysis of turbulent flow of non-Newtonian fluids, 
like turbulent flow of Newtonian fluids, rests on seni-
empirical basis. The correlations that exist allow one to 
rationalize the effects of concentration, tube diameter and 
mean velocity (49). Recently, attanpts have been made to 
arrive at non-Newtonian velocity correlations. These re­
sults are reviewed in Skelland (63). 
B. Turbulent Diffusion and Mixing 
The basic differential equations required for mass and 
momentum transport are derived in chemical engineering texts 
by Bird et (7) and Brodkey (11). Excellent theoretical 
development and extensive review are given in the book by 
Hinze (35). 
Over the years much research has been done on the mix­
ing of scalar quantity in turbulent flow from a macroscopic 
point of view. Such investigations have been reviewed in 
the comprehensive paper by Bischoff and Levenspeil (8). 
Results of this kind have been effectively used for scale 
up of a mixing process. However, owing to the lack of 
knowledge of the fundamental mechanism of mixing, the 
scale up methods are on shaky grounds. 
The fundamental equation of turbulent diffusion was 
first conceived by Taylor (55). His mathematical develop­
ment was further manipulated and put into a convenient form 
t 
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by KdkRpe de Fétiet (37). 
The longitudinal scalar diffusion in a tube was theo­
retically analyzed and experimentally verified by Taylor 
(66) in turbulent flow. The observations were made on the 
visual color intensity measurements. 
Mickelson ( 4 8 ) ,  Baldwin et (1, 2), have measured 
radial dispersion coefficients in gas flows in pipes, using 
both concentration and heat as scalar contaminants. Baldwin 
et al. also attempted to relate Lagrangian scales to Eulerian 
scales of turbulence. Their data were partially corrected 
for molecular diffusion. Past work include that of Towle and 
Sherwood (71) who investigated turbulent diffusion in air 
flow. Flint et (24) studied a point source turbulent 
diffusion in a pipe using air and water. They calculated 
eddy diffusion coefficients and correlated them with 
Reynolds number. Kada and Hanratty (36) investigated qual­
itative effects of solids on dispersion in a fluid. 
Bernard and Wilhem (6) were the first to investigate 
turbulent mass transfer in packed beds. Hanratty et al. 
(34) studied turbulent diffusion in a fluidized bed. They 
used a dye as a tracer. 
Klinkenberg et al. (39) have presented a theoretical 
study of steady state diffusion in a cylindrical tube. The 
flow field is considered to be homogeneous and nonisotropic. 
More recently attention has been focused on the 
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microscopic turbulent mixing as a consequence of the recent 
significant advances in statistical theory of turbulent 
motion. Corrsin (16, 17) and Obukhov (53, 54) developed 
the theory of turbulent mixing in analogy to the turbulent 
motion problem. Corrsin et (18, 19) have made a series 
of experiments involving air flow in a tunnel to study the 
statistical structure of a scalar field in such a system. 
They chose heat as the scalar contaminant. Rosensweig et al. 
(61) have reported results of mixing of smoke in air. Lee 
and Brodkey (43) have studied turbulent mixing in water using 
a dye as an admixture. 
Obviously, to understand turbulent mixing, one must 
analyze its dependency on turbulent motion. One of the most 
ccxnplete studies in measurement of turbulent quantities is 
that of Laufer (42). Hot-wire anemometer measurements were 
made at two air flow rates corresponding to Reynolds 
numbers of 50,000 and 500,000. Sandborn (62) made similar 
hot-wire anemometer measurements in a 4 inch aluminum pipe. 
C. Measuring Technique 
The lack of measuring technique is one of the major 
stumbling blocks in the study of liquid turbulent fluctua­
tions. The few available ones are as follows. Rosensweig 
et al. (61) have developed an optical technique based on 
light scattering. Lee and Brodkey (43) have used a similar 
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but improved light probe for their mixing study. Prausnitz 
and Wilhem (57) and Lamb et (41) have developed an 
electrical conductivity probe which is sensitive to con­
centration of salt solution; with this type of a probe 
Prausnitz and Wilhem (58) conducted liquid fluidized bed 
mixing studies and Manning and Wilhem (45) studied mixing 
in a stirred tank under continuous flow conditions. 
Manning and Wilhem (45) have analyzed the electrical 
characteristics of the conductivity probe that they used 
for agitation studies in a baffled tank. It is shown that 
total inç)edance of the probe circuit becomes ind^endent of 
the carrier frequency beyond 15 KHz, for probe capacitance 
in the order of 100 pP. The finite measuring system cer­
tainly would disturb the local flows. However, they found 
that the various shapes and sizes that they studied did not 
change the concentration measurements significantly provided 
that the two electrodes were not too close to each other. 
The disturbance caused by the injector tube is a subject 
of unresolved controversy for obvious reasons. Flint et al. 
(24) investigated this problem with a few e^qperiments. They 
found that, for a right angled injector tube through the 
test section wall, the concentration profile was asymmetric 
across the line through the arm of the injector tube. This 
indicates that the support arm disturbed the flow stxruci-uiTe. 
They also found that slight variation in the injection 
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velocity of the tracer did not show any significant dif­
ference in their results. Crum's (20) investigation in­
dicate that there is a larger spread of the scalar quantity, 
heat, close to the source tube when a heated point wire was 
extended across the test pipe than when there was no in­
jector tube present at all. Flint et al. (24) also noted 
that no noticeable change was discerned fer downstream with 
or without injector tube present in the system. Analysis 
of turbulent eddy diffusion based on data collected at large 
distances downstream from the injector tube have been per­
formed by Mickelson (48), Towle and Sherwood (71), and 
Flint et (24). The results are not consistent. Later 
they attributed this discrepancy to the finite source. 
Their explanations are not convincing in light of the above 
mentioned investigations. It would seem that it is the 
measurement probe that may be responsible for the dif­
ference. It is with this in mind a conductivity probe is 
designed for use in the present research. 
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III. BACKGROUND THEORY 
A. Flow Characteristics of Suspensions 
In general many-particle systems can be classified into 
homogeneous and nonhcmogeneous "fluids". If the system under 
consideration is sufficiently dilute, it is possible to treat 
such a case by way of modification of the continuum mechanics 
of single phase fluids. Nonhomogeneous systems are less 
amenable to rigorous mathematical treatment. 
As would be observed later, in the present investiga­
tion, assumption of a homogeneous "fluid" is justified. In 
the following, analysis is presented for both, very dilute 
suspensions, and slurries of relatively higher concentration. 
1. Viscosity of a dilute suspension of rigid spheres 
The analysis is due to Einstein (23), and more recently, 
it has been generalized by Batchelor (3). The treatment is 
simplified since the average distance between the particles 
will be large compared with their linear dimension. Under 
this condition it is possible to study forces on a single 
particle and disturbance flow due to it in shear flow in­
dividually, and then to obtain a solution for a suspension 
by the principle of superposition. 
In the present investigation, particles encountered are 
approximately spherical as shown in Figure 5-1, and suspen­
sion medium is water. Consider a spherical particle of 
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radius a in the fluid of viscosity jx and density p. Far 
from the particle, the fluid motion may be specified by 
the rate of strain tensor e^j, which when i equals j is 
zero for inccanpressible fluid. The velocity and pressure 
in the fluid are given by 
= uy + ©ijXj and p = p" + P , (3.1) 
where u^ and p" represent perturbation attributable to 
the presence of the particle, and P is the pressure rep­
resented by e^j. 
By substitution of Equation 3.1 in Navier Stokes equa­
tion and using the principle of continuity, a general single 
particle analysis was made by Einstein (23). Single particle 
analysis was further extrapolated for the general case of 
suspensions to give 
where is the viscosity of the suspended material. For 
rigid particles, as is the case in the present investiga­
tion, pLg -».«>, Equation 3.2 reduces to 
= 1 + 2.5 cc . (3.3) 
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2 ,  Viscosity of relatively concentrated but homogeneous 
suspensions 
At increased concentrations of particles in a fluid, 
hydrodynamic interference and particle collision effects 
become appreciable (28). Since in the present investiga­
tion, particles of uniform size are encountered, interpar-
ticle collisions would not be expected. However, hydro-
dynamic interference does exist at volume concentrations 
as low as 2 percent. Where particles do not agglomerate, 
the settling velocity will be reduced. Also, because small 
particles are studied, the hydrodynamic interference will 
be small. Nevertheless, for relatively concentrated sus­
pensions non-Newtonian flow analysis will be more appro­
priate. 
For large group of non-Newtonian fluids, Metzner and 
Reed (47) have used an empirical relationship of the form 
T_, = - K[-SÈ]" . (3.4) 
dr 
Index n characterizes the extent of the deviation of a 
fluid from Newtonian behavior, while K, usually referred 
to as a consistency parameter, characterizes the "thick­
ness" of the fluid. 
From a simple force balance for a steady ëLaLe pipe 
flow with no external forces acting in the radial or flow 
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directions 
r = r —^ . (3.5) 
° '^ w 
Flow rate Q is given by 
= ir u a(r^) . (3.6) 
J 2 
If Ug(r^) is assumed zero at the wall 
Q = - TT 
"dF ar (3.7) 
A single valued functional relationship is assumed 
dU 
(3.8) 
From Equations 3.5, 3.7, and 3.8 
An A g dU J -"rz -ar' "^ rz • (3.9) 
^o ^ o 
Differentiating Equation 3.9 w.r.t. 
Or if 
17 
d ln(T„) 
n' = w 
d ln(4QAr^) 
o 
A slightly different definition of the power law can 
be taken in view of Equation 3.11 as 
An 
T„ = K' (—% ) , (3.12) 
^ TTr 
o 
as compared to the basic shear Equation 3.4. A vs. 
TTr 
o 
diagram is referred to as capillary shear diagram. Exact 
conversion is possible between capillary shear diagram and 
the basic shear diagram through Equation 3.11. 
In this analysis it has been assumed that the suspension 
is homogeneous, incoitç)ressible/ and in laminar flow. Also, 
condition of no slip at the wall is assumed. It may also 
be noted that for non-Newtonian fluids under consideration, 
viscosity determining parameters are functions of flow 
variables. 
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B. Turbulent Mixing 
If at time zero an admixture, having a characteristic 
property that can be distinguished frcan the rest of the 
fluid, is introduced in the flow field, it would be dis­
persed by turbulence. A characteristic feature of turbu­
lent motion is that the turbulent fluctuations are, or at 
least can be regarded as, randean. The problem of turbulent 
diffusion is concerned with calculation of the correlation 
functions (38), i.e., the mean value of products of con­
centrations and velocity components at various positions 
and time. It consists of the determination of the prob­
ability, at time t, that the marked fluid is to be found 
simultaneously at n given points in space. This is the 
con^lete statistical specification of the spatial distribu­
tion of the marked fluid at time t. For a complete de­
termination of the distribution, infinite number of moments 
are required. Physical constraints limit this to a de­
termination of a small number of statistical parameters in 
practice, for example the mean concentration of the admix­
ture at a point, or mean dispersion of the cloud of marked 
fluid about its center of mass. 
1. Turbulent diffusion 
For a homogeiieOu» î-uibulent flov fisld vith respect 
to time and space, the following analysis can be made (65). 
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In view of Equation 3.24, in Xg-direction and if = 0, 
*2 = *2 . (3.13) 
If the admixture is introduced at the origin at time zero, 
the distance XgCt) travelled by admixture in this direction 
after a time t is given by 
x^Ct) = Ugft) dt . (3.14) 
Making use of the assumed homogeneity of the flow field, 
for the variance of x_ 
Expected value (x^) = x^ = ^ 
T 
Xgtt) dt 
t t 
= j j U2(t')u2(t")dt'dt" . (3.15) 
o o 
Lagrangian correlation coefficient is defined as 
u_(t)u_(t+q) 
Rj{q )  =  — i  . (3.15) 
•Li u' 
From Equations 3.15 and 3.16, after a few mathematical 
manipulations, one can arrive at the expression 
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= 2u'2 [ j (t-h) R^(h) dh] . (3.17) 
Correlation coefficient, when expanded in a power series, 
reads (65) 
,2 aV (h) ,4 8\ (h) 
fc=0 • 'I' h=0 
+ .•. . (3.18) 
Lagrangian microscale is defined as 
Xt = - —5— . (3.19) 
^ 8% (h) 
If t « the Lagrangian scale of turbulence, from Equa­
tion 3.17 and 3.19 
Lim Xg ^ u'^t^ . (3.20) 
t« 
On the other hand for large times, the variance (x^) will be 
given by 
t» 
Lim - 2u"t j R^(h) dh . (3.21) ^2 « 
t» 
The other term on the right hand side of Equation 3.17 is 
21 
2 
constant for a given u' and therefore is neglected. The 
term 
t» 00 
(3.22) 
o o 
defines the Lagrangian macroscale of turbulence. 
2. Intensity of segregation 
From conservation principle, for constant diffusivity 
and no simultaneous chemical reaction 
If velocity and concentration fields are statistically ran­
dom, then 
C(x, t) = C(x,t) + c(x,t) , and 
Equation 3.23 cannot be solved in a general sense, in view 
of Equation 3.24. Any process of building higher order 
moment equations leads to a closure problem. To explain 
simply, the second order moment gives rise to mixed second 
and third order moments and this continues ad infinitum. 
Any attempt to achieve closure of the moment equations is 
in vain. Corrsin (16, 17) developed the turbulent mixing 
equation similar to the turbulent motion equation under 
^ + U • VC = D C (3.23) 
U(x,t) = U(x, t) + u(x,t) (3.24) 
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isotropic flow assumptions. From Equation 3.23 and 3.24 
under this restriction, in cartesian coordinate system 
|f(x,t) + ^ c(x,t) = D o(x,t) . 
(3.25) 
Forming a second order moment between two points A and B, 
and upon averaging 
» % 
at 
, , , a: 
= + (â^n =A=B ' 
the fluid is assumed incompressible. Introducing change 
of variables, 
S = XB - Za ' 
then 
<â%' = - = 'afr) • 
^ B ^ A ^ 
Therefore 
\ 
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On defining correlation coefficients 
Equation 3.27 can be reduced to 
it - 2 C V ^  ^ r\{r.t) 
aR _(r,t) 
= 2D c'2 i ] • (3.28) 
r 
In the limit as r ^  0 
2 
^0^ = 2Dc'^[R^'^^(0) + 2R^^^(0)] , (3.29) 
since the second term on left reduces to zero. Subscripts 
on R are removed for convenience from here on. Again by 
definition, R is an even function (65). Expanding it in a 
power series form and then truncated at the second term 
r.2 a2p 
R  =  1  +  p T  [ — •  ( 3 . 3 0 )  
• r=0 
The second derivative is a measure of the curvature of the 
correlation curve at a separation distance of zero (see 
Figure 3.1). If denotes the part of the abscissa between 
the origin and the point of intersection with the osculation 
parabola at the vertex of the correlation curve, then 
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OSCULATION PARABOLA 
Figure 3.1. Determination of the microscale from correla­
tion coefficient curve 
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[•^] = - -% . (3.31) 
r=0 '^c 
The left hand side of the equation represents the mean 
2 
square of the rate of local change of c^, and may be 
regarded as a measure of this change. 
From Equation 3.29 and 3.31 
--- 3c'= _ 12 . (3.32) 
c'2 - "^2 
c 
The characteristics of with respect to time are necessary 
to solve this equation. Corrsin (17) has suggested that 
has a weak time dependence. Letting 
E 12D 
from Equation 3.32 
, (3.33) 
an exponential decay of intensity, l^. 
In a different approach Corrsin (16) has arrived at a 
theoretical estimate of t_ for a high Schmidt number case hi  
using Batchelor's (4) spectrum analysis (see i^endix A 
for details). The time microscale is given by 
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1 3 V 1/2 
~ 12D " J1/3 ^sc^ 
O/C 
i /o  
= |[3(5/Tr)2/^(L2/g3?-/^ + (^) In N^^] ,(3.34) 
where k is referred to as wave number. This is introduced 
when the Fourier transform of the correlation tensor is 
taken to yield spectrum tensor. 
C. Conductivity Probe Theory 
If an electrolytic solution is placed between the 
electrodes across which an electromotive force is applied, 
the solution will dissociate. The respective ions are 
driven through the solution by the electric field. 
The current density i is the sum of the currents car-
ried by the two kinds of ions and has the units of A/m . 
It is related with the potential gradient by means of the 
following relationship 
i = _ k' ap / (3.35) 
where k' is the transport property, and is a simple func­
tion of the charge number, ionic concentration, and mobility 
constant of the ions. 
tifo concentric spherical electrodes with radius 
r^, that of inner one and r^^, that of the outer. The total 
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current I passing frcxn one electrode to the other is ob­
tained by multiplying current density by the area at a 
section in the solution, frcxn Equation 3.35 
I = i (4irr^) = - 4Trr^ k' ^  , (3.36) 
where r^ < r < r^. Since I is a constant, independent of 
the position, this equation can be integrated to give 
ffi(r_) - 5(r) = - —^(7 - 7 ) . (3.37) 
° AW ^  ^o 
Correspondingly, the relationship between the current I 
and the potential difference V applied between the electrodes 
is 
V = a(r ) - ^ {r^) = - ;^] (3.38) 
^ 4Tnc' ^o ^1 
Lim V = —^ (~) . (3.39) 
r^>>>rQ 4Trk' o 
Therefore the current density is dictated by the small 
electrode under this condition. To carry the argument fur­
ther, it will be independent of the size and shape of the 
large electrode and the variations around it. In practice 
the electrode system is not quite .?pheric5l= Besides the 
solution is neither stationary nor homogeneous. Gibson and 
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Schwarz (25 ) estimated the effect of spatial inhomogeneities. 
Except for very high wave number regions of the scalar 
spectrum, the correction for the above nonideality is 
trivial. 
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IV. EXPERIMENTAL 
A. Material Characteristics 
Suspensions of granular corn starch in water were used 
in the present research. The starch density was measured 
using a liquid mixture of isopropanol and carbon tetra­
chloride. A small amount of starch was introduced into a 
beaker containing isopropanol. The mixture was first 
stirred with a magnetic stirrer for 5 minutes. This time 
was considered sufficient to break up any solid agglomerates. 
Carbon tetrachloride was added in known quantities by means 
of a millimeter graduated burette^ until the solution was 
just sufficient to uniformly suspend starch particles even 
after the mechanical stirring was stopped. The density of 
the liquid mixture was then interpreted as the density of 
the solids. 
The particle size distribution was obtained using a 
scanning electron microscope. Since the agglomerates had 
a tendency to break up into the individual particles when 
suspended in turbulent water medium^ it was not possible to 
use such methods as coelter counter. In that case, ob­
tained size distribution will be misleading because ag­
glomerates will not be discriminated. 
Ten grams of corn starch werë suspeiidcd in 250 nl cf 
water for 5 minutes, stirred by means of a magnetic stirrer. 
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The slurry sangles were randomly taken and put on special 
carbon grids. The grid was mounted on the electron micro­
scope # where carbon was instantly burnt away. The photo­
micrograph was transferred onto a television screen. The 
direct measurenents were obtained and recorded. The size 
distribution was inferred from them. A typical photo­
micrograph is shown in Figure 4.1. The size distribution 
is given in Table 4.1. The particles were observed to be 
approximately spherical and of uniform size. Average of 
the long and short axis of particles was taken to be the 
equivalent diameter of the particle. 
To determine if there was any significant swelling 
effect during the 3 hour period, the suspension was allowed 
to age for 2 1/2 hours and then the size distribution was 
determined in the same manner as described above. No ap­
preciable difference could be discerned. 
B. Flow Characteristics 
1. Laminar flow 
A capillary viscometer has an operational advantage 
over a cone and plate visccaneter in evaluating flow prop­
erties of solid suspensions besides the lopsided economic 
considerations. The capillary tube viscometer data, for 
any meaningful inference, need to be corrected for the 
Figure 4.1. Typical photomicrograph of starch suspension 
in water 
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Table 4.1. Starch particle size distribution in slurry^ 
No. Size an. 
on Screen 
Actual Mean Size 
in microns 
No. 
in 
of Particles 
this range 
1 0.00-0.50 0 
2 0.51-1.00 1.7647 3 
3 1.01-1.50 2.9412 12 
4 1.51-2.00 4.1176 16 
5 2.01-2.50 5.2941 33 
6 2.51-3.00 6.4706 31 
7 3.01-3.50 7.6471 16 
8 3.51-4.00 8.8235 27 
9 4.01-4.50 10.0 41 
10 4.51-5.00 11.1765 25 
11 5.01-5.50 13.3529 27 
12 5.51-6.00 13.5294 21 
13 6.01-6.50 14.7059 7 
14 6.51-7.00 15.8824 10 
15 7.01-7.50 17.0588 6 
16 7.51-8.00 18.2353 3 
17 8.01-8.50 19.4118 4 
18 8.51-9.00 20.5883 1 
19 9.01 and above 
but less than 12 
Method: Electron Microscope 55mm at 100 magn. 
Scale: 4.25nûr. = Iji. Particle counts 294. 
10-2172H. 
34 
entrance and exit effects, and the wall effect. 
The entrance and exit effects for non-Newtonian 
fluids are not well understood. No general correlations 
exist to correct for them. By increasing the ratio of the 
length to diameter of the capillary one can supress the 
contribution of the entrance and exit effects on pressure-
drop. Thcanas (69), in a review article, mentions that if 
a length to diameter ratio of 1000 is ertqployed, the maximum 
correction in Newtonian fluid flow is 3.5 percent. For non-
Newtonian shear thinning materials the correction is always 
less than for Newtonian fluids. To get around this un­
certainty it was decided to use two sufficiently long capil­
lary tubes in the present experiments. The tubes need be 
long enough to establish a fully developed flow within them. 
By subtraction, for equal flow rates, it was possible to 
eliminate the entrance-exit corrections altogether. 
The wall effect may be reduced (68) by increasing the 
diameter of the tube. In contrast, having a small diameter 
tube, one is able to achieve high shear rates before 
transition from laminar to turbulent flow regime. For 
the wall effect only empirical results are available in 
the literature. It has been shown (70) that the wall effects 
are negligible in laminar flow of suspensions of particles 
in the micron size range. It was felt that the significant 
wall effect, if any, can be experimentally determined. From 
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Equation 3.17 and 3/20, if there is noticeable slip at the 
wall, then 
The slip velocity U , can be evaluated frcaa 
sp 
a(-^) 
V = [ ] - (4.2) 
o 
As would be concluded later, the wall effects were of no 
consequence in the present research. 
Two horizontal stainless steel tubes of 5 and 10 foot 
length with an inside diameter of 0.12 in. and a wall thick­
ness of 0.064 in. were used. The tube was supported hori­
zontally by means of a 1/4 in. angle iron on adjustable 
supports in order to obtain a perfect horizontal alignment. 
The upstream end protruded a diameter length into the 
slurry feeding vessel. Details of the capillary viscometer 
are shown in Figure 4.2. 
The slurry was fed into the test section from a well 
baffled cylindrical vessel (B), of 12 in. in diameter 
and iz in. high, xhe vessel was lined with acid proof 
paint. The suspension was agitated by means of two 2 1/2 
\ 
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<0.48 gal Slurry Tank) 
C: Level Indicator 
D: High Pressure Air Regulator 
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G: Mixer F Driving Motor 
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Figure 4.2. Capillary viscometer 
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in. propellers (L) mounted on the same shaft, 4 1/2 in. 
apart. The shaft was placed 2 1/2 in. off center with 
respect to the vessel as an additional guard against 
vortex formation. The shaft seal was designed, similar 
in principle to the steam engine stuffing box to prevent 
any variable air leakage. The mixer was run by a 1725 
rpm motor (G). Ccm^ressed air (E) was used to actuate the 
flow. This eliminates any periodicity in the flow. The 
pressure was regulated through a control mechanism (D). 
An artificial air bleeder was used for fine control of air 
pressure. The flow rate was measured using a conductivity 
probe system with relay switches triggering the on-off 
mode. The electrical circuit is shown in Figure 4.3. An 
average static head correction was employed over the over­
head pressure in the vessel. The slurry in the pressure 
vessel was replenished from the make up tank (A). 
Operational observations revealed that the vibrations 
caused by the mixer were carried over to the test section 
capillary and a modification was necessary. The alteration 
included the physical separation of the slurry supply 
reservoir and the test section by means of an 8 in. latex 
rubber tubing. Since two tube capillary experiments were 
made, the additional pressure-drop distortion created by 
this arrangement was nulled. 
POWER SUPPLY 
TIME 
COUNTER RELAY 1 RELAY 2 
6 
OFF OFF STOP 
POSITION START POSITION 
iC 
BL 
Figure 4.3. Electrical circuit for the flow meter 
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C. Mixing Characteristics 
1. Flow equipment 
The flow system is shown schematically in Figure 4.4 
The test section was the central 10 foot section in a 30 
foot long, 2 1/4 in. plexiglass pipe. As a conservative 
estimate it is required to have a pipe at least 75-diameter 
long to establish a fully developed velocity profile. The 
set up was adequate to eliminate any entrance or exit cor­
rections . 
Tap water was fed to a 4-way, 2-stage ion exchange-
demineralizing unit (A) supplied by Culligan Water Con­
ditioning Company. Since experimental data were based on 
conductivity measurements, it was essential that water of 
the uniform quality was used. Besides, this improves the 
sensitivity of the measuranents. The "fluid" was pumped 
by means of a 2 in. (Suction) x 1 1/2 in. (Discharge) 
Vane-puiïÇ) (B), driven by means of a 2 hp motor. This pump 
was chosen for its suitability to pump suspensions without 
significant beating of the solids. Also, it has a minimal 
internal friction. The positive action, centrifugal flow­
meter (C) was introduced in line to monitor the flow rate. 
Aqueous sodium chloride solution was used as a tracer 
to gtudy the mixing rharacteristics in the pipe-flow. An 
advantage of choosing concentration of an electrolyte as a 
ION EXCHANGE 
RECYCLE 
DRAIN 
SLURRY 
TANK 
TEST PIPE 
SAMPLING POINT 
FLOW RATE 
MEASUREMENT FLOW RATE 
MEASUREMENT BYPASS 
• ^4 
CONTROL 
VALVE 
PUMP 
Figure 4.4. Schematic of the flow system 
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scalar quantity instead of temperature is a much smaller 
time constant to the changes in the former. 
The salt solution was puinped (D) against pressure into 
a concentric constant head salt solution supply tank (E) by 
means of a Masterflex No. 15 pump (F) supplied by Cole-
Palmer Instrument Co. The flow diagram of the injector 
system is shown in Figure 4.5. The overflow from the outer 
supply reservoir was recycled (G) back into the master salt 
solution tank (H). Air pressure (J) was utilized to pass 
salt solution through the injector tube. The salt solution 
was monitored by a Matheson #603 rotameter (K). A solenoid 
valve (L) was put in the line for an on/off control. 
The admixture (sodium chloride solution) was injected 
into the test section from the constant head tank through 
a 1/8 in. stainless steel tubing placed coaxially in the 
test pipe. In order to simulate a nearly ideal point source, 
the front end of the tracer source-tube was altered by 
having a sequential reduction in the tube diameter using 
successively smaller bore tubes. At the tip was attached 
a #16 hypodermic needle (M). 
The tracer injector tube was positioned in the center 
of the test section pipe by means of riders placed at 5 foot 
intervals. The detailed design of a rider is shown in Figure 
4.6. Each rider consisted of three legs. A, B, and C, po­
sitioned 120° apart. The leg A was fixed and legs B and C 
•OVERFLOW 
SLURRY TANK 
PUMP 
X 
H/8"inS.S. INJECTORI 
TUBE H-4 
FLOW 
MEASUREMENT 
1_6 GAUGE 
HYPODERMIC 
TUBE 
— 
CONTROL VALVE 
Figure 4.5. Schematic of tracer injection flow system 
Figure 4.6. Rider for tracer in-
jector tube 
^ c 
u> 
A 
o 
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were of flexible plunger-piston type design. The rider 
assembly was gripped on the injector tube by means of an 
1/8 in. Allen screw. Spherical teflon caps were provided 
on the tips of each of the legs to reduce wear, and achieve 
easy maneuverability. Hie conductivity probe was located 
at the downstream end of the test section. The probe was 
capable of traversing across the diameter while the tracer 
injector tube was capable of moving axially, and thus 
yielding an unlimited number of possible gecmetrical ccxn-
binations. 
D. Measuring System 
1. Electrical conductivity probe 
The conductivity probe was designed and is described 
in Figure 4.7. The small electrode (G) consists of an ex­
posed tip of platinum wire 0.004 in. in diameter. The 
lateral surfaces were electrically insulated. The wire was 
run through a right angled stainless steel tube (B), 1/16 
in. in diameter. Teflon tubing spacer was introduced in 
the tube for concentric spacing of the small electrode. 
Partial exposure of the outside surface of this tubing 
served as a large electrode and a carrier for the small 
electrode system. A stainless steel tube (C), 1/8 in. in 
diameter, served as a carrier for the whole probe assembly. 
45 
2 LEADS OUT 
1 cm. PLEXIGLASS PROBE 
CARRIER (E) 
0.004 in. Pt WIRE (G) 
INSULATION SHEATH (A) 
STAINLESS STEEL GND. (B) 
INSULATING SHEATH (D) 
1/8 in. STAINLESS STEEL 
ELECTRODE (C) 
INSULATING SHEATH (CH) 
EPOXY 
Figure 4.7. The conductivity probe design 
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Tubings (B) and (C) were electrically insulated frcxn each 
other by means of a dielectric acrylic spray. Furthermore, 
tube C was put through an 1/8 in. stretch teflon tubing. 
This was done in order to supress external noise from vi­
brations. The small electrode tip was a streamlined, 
jeweler drilled nylon plug, 3/8 in. long. All the joints 
were sealed with an epoxy themo-setting resin. The plexi­
glass tubing (E), 3/8 in. in diameter served as a carrier 
for the entire assembly through which the lead wires frcxn 
electrodes were drawn. 
The conductivity probe was actuated by means of a 
micrometer screw gauge (Neko TR-19 by Labtron). The ver­
tical range of the micromanipulator was 35 ram, and had a 
fine adjustment span of 7 mm. The 35 mm drive was cali­
brated in 0.1 mm units. The micrometer drive was calibrated 
in 1 micron increments. 
2. Data processing 
The concentration variation at the small electrode 
resulted in variation of probe ii#edance. The con­
ductivity probe formed one arm of the ac Wheatstone Bridge 
circuit. Tektronix Type-Q plug-in unit was used for the 
bridge circuit. The unit is essentially designed for strain 
gauge applications. in order to supprêês nonlinaarity in 
the circuit it was necessary to use electrolytic solutions 
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having a high resistance. The nonlinear response arises 
from the capacitance in the circuit based on the geometry 
of the probe, and also, the capacitance of the cable. Since 
the internal bridge resistor was only of 120 ohms, two ex­
ternal arms had to be used in order to be able to balance 
the bridge. The block diagram for the Type-Q plug-in unit 
is shown in Figure 4.8. 
Excitation voltage for the bridge circuit modulates 
the 25 KEiz carrier as a function of unbalance on the trans­
ducer. The excitation voltage on the Q-unit was reduced 
to 1.2 volts across the bridge in order to reduce the heating 
at the probe tip. Also, because ac bridge excitation re­
verses the current flow each half cycle, no electrolytic 
deposition would occur. The amplitude of the output signal 
from the bridge is prc^rtional to the amount of unbalance. 
The bridge produces suK>ressed carrier amplitude modulation. 
The modulated signal from the bridge circuit is applied to 
an ac-coupled amplifier where unwanted frequencies are re­
jected and the desired side-bands are amplified. The 
amplified modulated signal are applied to the phase-sensitive 
demodulator. The output of the demodulator circuit is ap­
plied to a filter network, which in turn is applied to out­
put circuit in the power supply unit via interconnecting 
plug. 
Tektronix Type-127 preamplifier power supply was used 
TRANSDUCER 
INPUT 
AC BRIDGE 
(MODULATOR) 
AMPLIFIER 
V5724 V5754 
V5734 
25 KC OSCILLATOR PHASE-SENSITIVE 
V5770 V5794 DEMODULATOR 
V5784 V6713 4K 00 
FILTER 
V6734 
TO 
OSCILLOSCOPE 
VERTICAL 
AMPLIFIER 
Figure 4.8. Tektronix type-0 unit block diagram 
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to operate Type-Q plug-in unit. The dc-coupled output 
terminals are provided. The output voltage signals are 
limited by peak to peak 0.3 volts when both sides of push-
pull output are terminated in 170 ohms. This limited the 
sensitivity of the Q-unit and therefore it was felt that a 
high gain amplifier be used in conjunction to this output 
to boost up the sensitivity. Tektronix Type-0 plug-in 
operational amplifier with a variable gain adjust range of 
1 to 100 was used. The plug-in unit was operated by 
Tektronix 543A Oscilloscope. The same oscilloscope display 
screen was used to display the output while balancing the 
bridge. 
The output signal from the operational amplifier was 
processed on a TR-20 analog computer to give the average 
concentration and mean square fluctuations of the con­
centrations. The electrical conductivity is a function 
of both concentration of the electrolyte as well as the 
temperature. Besides operating at a different temperature, 
temperature changes during the run while operating recycle 
mode are inevitable. A temperature compensation circuit, 
incorporating a thermistor network, was developed. 
Both the electrolytic solution and the thermistor have 
a negative temperature coefficient of resistance. Thus, a 
reverse output signal of thermistor when connected in series 
with the conductivity probe will have a compensating effect. 
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It has been suggested that two similar probes be used, one 
located upstream from the test section to compensate for 
the tenç>erature and concentration of the incoming stream 
in to the test section. But this will hold only if the 
conductivity is an additive effect of temperature and con­
centration of the electrolyte. Unfortunately, this is not 
the case in general, and it was not to hold in the present 
investigation. There is an interaction between the prop­
erties. A temperature compensated calibration circuit was 
devised. The development of the mathematics is shown in 
Appendix D. 
The voltage signal to concentration conversion was 
obtained on EAI Model TR-20 analog computer. 
Mean square concentration fluctuation was determined on 
a true RMS voltmeter Model 3400 (Hewlett-Packard). The 
floating output of this voltmeter had a dc bias voltage of 
0.307 volts. The output was corrected for this bias by 
setting a negative pot on the analog computer. To get a 
smooth average the integrator network on TR-20 analog com­
puter was used. Average concentrations were also obtained 
by using an integrator circuit. The dynamic average as 
well as the true average were determined. The electrical 
circuit schematics are shown in Figures 4.9 and 4.10. 
A relay-cam trigger timer was built to actuate reset, 
hold, and operate mode on the analog computer. This was 
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ÏV0LTA6E OUT 
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Figure 4.9. Circuit block diagram 
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Figure 4.10. Averaging circuit 
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necessary so as not to overload the amplifier while car­
rying out the integration. The electrical circuit is shown 
in Figure 4.11. 
A three pole switch was used to simultaneously operate 
the analog computery the strip chart recorder and the up­
stream sampling timer. The strip chart recorder was a dual 
channel variable sensitivity Brush Instruments recorder. 
It was impractical to discharge "fluid" after single 
measurement and therefore a recycle mode was used. Cor­
rection for the injected salt solution into the system was 
eiç)loyed by collecting samples at the upstream end. 
The cOTtplete experimental set up is shown in Figures 
4.12 and 4.13. 
I 1 1 
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Figure 4.11. Circuit and operational schematic of integrator-timer 
Figure 4.12. Upstream end of the mixing apparatus 
Figure 4.13. Test section and measuring system 
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V. ANALYSIS OF RESULTS AND DISCUSSION 
A. Flow Characteristics 
1. Laminar flow 
The basic assun^tions used in developing the techniques 
for measuring the visccanetric properties are first investi­
gated for their validity. 
The laminar flow has been verified for the limiting 
case. For 0,5% (by wt) starch slurry flowing at a velocity 
of 55 an/sec through a 0.3032 cm capillary corresponds to a 
Reynolds number of 1770. This is less than 2100 which is 
considered to be an upperbound for laminar flow regime. 
It has been shown by Govier and Charles (28) that the 
suspension can be regarded homogeneous if the settling ve­
locity of particles is less than 0.005 ft/sec. Thomas (67) 
defined the minimum transport velocity as the average fluid 
velocity which just prevents the accumulation of a layer of 
solids on the bottom of a pipe. When the minimum transport 
velocity is exceeded and the solid particles are in the 
micron size range/ Thomas indicated that the flow may be 
considered homogeneous. Further, if the particle size is 
small and has a density close to that of the continuous 
medium, settling will be insignificant. These criteria are 
satisfied in this invsstigaticn fcr the concentrations of 
the solids studied. 
58 
Since the fluid under investigation is water and a 
solid-liquid systan is considered, the inconçaressible as­
sumption is also justified. 
The end effects problem was alleviated by employing 
two capillaries of two different lengths. Specifically, a 
5 foot and 10 foot capillaries were used. These lengths 
are considered sufficient to reach a fully developed steady 
state flow beyond the entrance and exit sections. The sum 
of the pressure drop across the tubes and the static head 
for various flow rates were plotted. The difference between 
the two curves, for a given flow rate and starch concentra­
tion, represents the pure pressure drop across a 5 foot 
length of capillary tubing. This tacitly assumes the energy 
dissipation in the two cases for the same flow rate is equal 
which is reasonable. In other words, by.taking the dif­
ference of the measurements made with 5 foot and 10 foot 
long tubes, the effect of flow contraction, tube entrance 
and exit are all eliminated. In this manner the pressure 
drop due to straight flow alone was determined. 
Since no dilute gases neither very narrow capillary 
tubes are involved in this investigation the continuum 
assumption is also justified. 
The assumption of no slip at the wall can be verified 
using capillary tubes of two different diameters. At a 
constant value of shear stress, for a systaa with slip. 
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3 3 Q/r^ decreases with increasing diameter. If Q/r^ is plotted 
against shear stress and if the curves are coincident for 
the slurry with diameter as the parameter then the assump­
tion of zero slip at the wall is justified. In Figure 5.1 
shear stress is plotted against 40/nrr^ for capillary tulses 
of diameters 0.3032 cm and 0.38509 an for 5% starch slurry. 
The curves are coincident and assumption of no slip at the 
wall is satisfied. 
The dilute starch suspensions are expected to behave 
as Newtonian with an increased viscosity from that of the 
continuous phase. As the starch concentration is increased 
the non-Newtonian character should be evident. 
The data for 0.5%, 1.0%, 2.5%, and 5.0% (by wt) starch 
slurries are given in Figure 5.2 The Newtonian character 
of 0.5%, 1.0%, 2.5%, and 5.0% starch is well borne out. 
Hagen-Poiseuille equation was utilized to determine the 
viscosity of the slurries for these concentrations. The 
results are shown in Figures 5.3, 5.4, 5.5, and 5.6 re­
spectively. For 7.5% and 10.0% starch slurries analysis 
of Metzner (46) was used. The eagpression relating shear 
stress to the rate of strain is commonly referred to as 
power law (see Equation 3.12). The data fit the power law 
to an excellent degree. The results of this analysis are 
given in Figure 5.7 and Figure 5.8 respectively. The 
viscosity and power law parameters for the slurries are 
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Figuré 5.1, Pressure drop correlation for pearl starch 
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derived from these plots and are given in Table 5.1. The 
basic shear stress-strain relationship is described in Fig­
ure 5.9. The data are reproducible to an excellent degree. 
The maximum deviation in the flow measwranent for a set 
pressure drop was less than 3%. 
For the dilute suspensions, theoretical estimates of 
viscosity fron Equation 3.14 are compared against the ex­
perimentally obtained values in Table 5.2. 
The viscosity of dilute starch suspensions were shown 
to be in agreement with Einstein's theoretical analysis. 
Starch slurries of up to a volume fraction of solids of 
0.035 could be correlated by Newtonian analysis. Rela­
tively concentrated, yet hanogeneous slurries manifested 
non-Newtonian behavior. The data in this case were cor­
related using a power law model. The suspensions fall 
under the class of dilatant (shear-thickening) fluid ma­
terials. The entire data were correlated in terms of the 
modified Reynolds number and is shown in Figure 5.10 
B. Turbulent Mixing 
1. Turbulent diffusion 
Based on experiments with noninteracting particles 
Majumdar and Carstens (44) correlated particle size with 
the particle eddy diffusivity. They concluded that for 
particles smaller than the fluid mixing length, the particle 
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Table 5.1. Visconetric properties^ 
Starch Slurry 
Concentration Model^ K' n' 
0.5% (bywt) A 9.628 X 10-6 
1.0% A 9.887 X 10-G 
2.5% A 1.074 X 10-5 
5.0% A 1.133 X 10-5 
7.5% B 6.329 X 10-G 1.101 
10.0% B 2.81907 X 10-G 1.232 
^Temperature = 23°C; Medium = Water; Particle size = 
10.2jj,; Particle Sp. gr. = 1.486; d = 0.3032 cm. 
^Code: Model A T = - K' (~) ; Model B T = - K' (^) 
Table 5.2. Viscosity® 
Starch Slurry 
Concentration 
Experimental 
in poise 
From Eq. 3.14 
in poise 
0.5% (by wt) 0.00943 0.0094 
1.0% 0.0096 0.0095 
2.5% 0.0105 0.0098 
5.0% 0.0111 0.0101 
Temperature = 23 C; Medium Water; Particle Size = 
10e2p; Particle Sp, Gr. 1.486; capillary diameter = 0.3032 
can. 
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diffusion coefficient is equal to that of the fluid. This 
is further justifying the assumption that at low concen­
trations neutral suspensions of small particles are 
hcanogeneous. 
It is recognized that molecular diffusion is an inef­
fective process by comparison with turbulent diffusion, 
but it has been shown that (72) the interaction of the two 
processes is in some cases quite important. However, this 
is significant only in low Schmidt number case. Therefore 
it is possible to employ an additive correction for molecular 
diffusion in the present investigation. Further, since the 
tracer used in this study is an acpieous salt solution, the 
dynamic properties of the fluid are not expected to change 
in any appreciable measure. 
The admixture (salt solution) was introduced at the 
center of the pipe through a small #16 gauge hypodermic 
tubing. At a plane downstream from the source, the concen­
tration was measured by the electrical conductivity probe 
across the diameter of the pipe over a period of time. 
The spread of material was characterized by the lateral 
component of the mean-squared displacement of the material 
2 from its center of mass, represented by of Equation 3.17. 
Rate of spread of the admixture was determined by measuring 
the concentration across the diameter downstream from the 
point source. If the concentration profile is assumed 
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Gaussian and longitudinal diffusion negligible, the con­
centration can be shown to follow the equation 
C = ^ e]cp(- -%%) , (5.1) 
2Jr xj ^*1 
where Q is the quantity of admixture injected per unit 
time into the test pipe. Typical recorded measurements are 
reproduced in Figures A. 5 and A. 6. Figure A. 7 shows the 
concentration profile derived from these measurements. 
— 2 2 From a semi-log plot of C vs. r , the value of x^^ was ob­
tained by making use of Equation 5.1. Such a plot for 1% 
starch suspension and a Reynolds number of 21,625 is given 
in Figure 5.11. Again from Equation 3.7 
t 
(t-h) R^(h) dh . (5.2) = 2u' ^ 
Taylor (65) defined a time scale parameter indicating 
the life-time of the eddies responsible for turbulent dif­
fusion 
00 
Ljj = I Rj^(h) dh . (5.3) 
Various functional forms for the correlation coefficient 
R^(h) have been suggested in the literature. Most commonly 
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used expression is that of e3q>onential decay, 
Rj^(h)^e"^ . (5.4) 
From Equations 5.2 and 5.4 
*1 = 2u'2 L^{t - L^Cl-e-t/Lh)] , (5.5) 
For large times this can be reduced to 
Lim X? = 2u'2 L. t - 2u'^lJ . (5.6) 
t»o ^ 
2 From Equation 5.6 and the experimental data of x£ vs. time, 
both Ljj and u' were determined. The results of are 
shown in Table 5.3. 
Also frcm Equation 5.6 
1 ^ 1 2 
Lim I-~ = Ljj) = Dg , (5.7) 
where Dg is the eddy diffusivity. The eddy diffusivity 
results are shown in Figures 5.12, 5.13, 5.14, and 5.15 as 
functions of solids concentration at three different Rey­
nolds numbers. In Figure 5.16 the data are plotted in 
terms of logarithmic clear fluid Reynolds number. Figure 
5.17 shows the data plotted against suspension Reynolds 
number on semi-log snalea. 
Diffusion data indicate that solids do affect the eddy 
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Table 5.3. Lagrangian time scale parameter/ Lj^ in sec 
starch Slurry Reynolds Humber, " 
Concentration 16,220 21,625 27,035 
0.5% (bywt) 0.08477 0.0617 0.0546 
1.0% 0.0816 0.0541 0.0584 
2.5% — 0.049 0.0508 
diffusivity in the continuous phase. The effect of the 
solids is higher at lower Reynolds number than at higher 
Reynolds number. Kada and Hanratty (36) qualitatively ob­
served that for large particles, effect of solids in low 
concentration suspensions was not significant at high 
Reynolds number. The results of the present investigation 
involving fine particle suspensions show the same trend. 
At very low concentration of solids the diffusion char­
acteristics of the suspension seem to approach to that 
exhibited by the clear water. The results further show 
that the effect of increased solids on eddy diffusivity 
decreased with progressively increasing Reynolds number. 
In contrast to the present study of suspensions of 
fines in water, Boothroyd (10) studied fines-laden air. 
From momentum traiispOit aîîalûyy lie (3) suggested that g 
plot of vs pjgd^/4pga^N^g may be a suitable way to 
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correlate the results. His results were, however, insuf­
ficient to establish any functional relationship between 
these variables. At high Reynolds number, even for very 
small solid loading, he found that the diffusion char­
acteristics in air altered appreciably in contrast to the 
present observations. This suggests that Schmidt number 
may also be an important parameter in correlating the eddy 
diffusion data in suspensions. The present experiments 
involved a Pf/Pg of 0.672 in comparison to 1.8 x 10"^ in 
his case with other variables (D, a, and Nj^g) within the same 
order of magnitude. However, more data would have to be 
gathered in order to establish conclusive correlations. 
2. Intensity of segregation 
The intensity of concentration fluctuations was studied 
at the center of the pipe. Lee and Brodkey (43) noticed 
that intensity of fluctuations persisted longer at the cen­
ter of the test section than any where else, this may be 
in part a direct consequence of the position of injector 
source. Therefore the results would serve as an upperbound 
to a mixing time required in a pipe flow. Also, experi­
mentally it has been observed (20) that the root mean 
sc[uare velocities are equal in all directions, and there­
fore it was concluded that the isotropic assumption may 
be better suited at the pipe center. In view of Equation 
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3.33, 
c (5.8) 
The intensity was plotted vs. time on a semi-log plot and 
the time constant tg was determined. Typical results are 
given in Figure 5.18 for 1.0% starch. 
The average size of the energy containing eddies is a 
direct function of the bounds of the system. The following 
relation is written on the dimensional basis 
= 2c^ r^ , (5.9) 
where c^^ is a constant. Beëk and Miller (5) have suggested 
a value of 1/4 for c^- Hinze (35) gives an empirical re­
lation for macroscale parameter L^, 
If it can be assumed that the velocity macroscale and the 
scalar macroscale are of the same order, then from Equation 
5.9, 5.10, and A.20 
Lf = 3/4 (IAq) (5.10) 
(5A) (-r) 
e 
2/3 L. 
(5A) (—) 0.341 
(5.11) 
The assumption of equal macroscale parameters can be 
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justified since the measurements were made after the ad­
mixture was dispersed across the cross section and it is 
supposedly passive. The energy dissipation analysis is 
given in the Appendix, section B, From Equation A.20 for 
energy dissipation 
3 u' ^ 
e = "2 "l— • (5.12) 
From turbulent flow analysis (Appendix, section E), friction 
velocity was determined as a function of Reynolds numlîer. 
Laufer's (42) data at the center of pipe give 
= 0.8 . (5.13) 
From Equation 5.13 u' was determined. Then from Equations 
5.11 and 5.12 and known viscometric properties theoretical 
estimate for t^ in accordance with Equation 3.52 was calcu­
lated. Tables 5.4, 5.5, and 5.6 compare the theoretical 
and experimental determinations. The results agree within 
an order of magnitude. Further observations reveal that 
theoretical prediction based on the isotropic assumption 
serves as an upperbound for the time required to achieve 
micromixing. 
The turbulent concentration fluctuation intensity is 
plot-t-ëu âs a £uii«jLloxi o£ the Rêyiiûlds number and the con­
centration of the solids in Figure 5.19. 
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Table 5.4. Time constant for micromixing 
«Rg = 16,220 
Concentration of 
Starch Slurry 
tg. Experimental 
seconds 
tg. Theoretical 
seconds 
0.5% (by wt) 
1.0$ 
2.5% 
0.57 
0.653 
0.953 
0.95 
0.946 
^ipe diameter = 5.715 cm; other properties as in Table 
5.1. 
Table 5.5.^ Time constant for micromixing 
= 21.625 [ ~ 
Concentration of 
Starch Slurry 
"E, Experimental 
seconds 
tjj/ Theoretical 
seconds 
0.5% (by wt) 
1.0% 
2.5% 
0.53 
0.527 
0.49 
0.7298 
0.7281 
0.7249 
As in Table 5.4. 
Table 5.6.^ Time constant for micromixing 
^Re = 27,033 
Concentration of 
Starch Slurry 
tg, Experimental 
seconds 
tg. Theoretical 
seconds 
0.5% (by wt) 
1.0% 
2.5% 
0.46 
0.43 
0.34 
0.5921 
0.59 
0.59 
®As in Table 5.4. 
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The decay of intensity of concentration fluctuations 
was aided scanewhat by the solids. However in the concen­
tration range studied no significant effect was descerned. 
The time constant for micromixing decreased with increasing 
Reynolds number. 
The noise due to vibrational mode of the equipment 
as well as the inherent noise in the electrical system was 
found to be of no significance. 
In the present work use of a single master calibration 
utilizing a thermistor circuit greatly reduces the effort 
on the part of an experimentalist. Turbulent flow experi­
ments are complex, time consuming and require a lot of 
organization. The improvement should be considered a step 
in the right direction. For practical reasons recycle mode 
in liquid flow experiments confronts one with the varying 
tanperature due to dissipation as well as environmental 
changes and the present method of concentration measurement 
eliminates the inaccuracies that may be recorded without 
temperature compensation. The measuring technique of the 
present work is a definite improvement over the past de­
signs. Particularly in case of turbulent flow experiments 
in liquid phase where control parameters such as temperature 
of large scale systans are encountered, and since conductiv­
ity of an electrolyte is proportional to both concentration 
as well as the temperature. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
1. The dilute suspensions of fine starch particles 
(a < 0.03) indicate a Newtonian flow behavior. The viscosity 
of such suspensions agree well within the theoretical pre­
dictions of Einstein's analysis. 
Relatively concentrated suspensions fall under the 
category of dilatant (shear-thickening) materials and are 
characterized by a power law model. 
Flow characteristics of suspensions in the entire 
range of concentrations of this study can be correlated in 
terms of the modified Reynolds number. 
2. The addition of solids enhances the eddy diffusion 
process in the continuous phase of the suspensions. At low 
concentrations, in the limit, data extrapolates to the clear 
fluid characteristics. The results futher indicate that the 
effect of increased solids on eddy diffusivity decreased 
with progressively increasing Reynolds number. 
Comparison of the data obtained for water suspensions 
of fines with that of reported data of fines-laden air (10) 
reveal that the dimensionless diffusivity should be cor-
2 2 
related as a function of Pf/Pg d /a as well as Ng^, 
The results in both cases are too few to warrant conclusive 
The data correlation in terms of suspension Reynolds 
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number in contrast to the clear fluid Reynolds number did 
not gain any significant advantage. 
The decay of the intensity of concentration fluctua­
tions was aided somewhat by the solids. However, in the 
concentration range of the solids studied no significant 
effect was discerned. The data may well be correlated in 
terms of the Reynolds number for homogeneous suspensions. 
The ccanparison of the theoretical predictions of the time 
constants for micromixing based on isotropic assumptions, 
and a homogeneous fluid with equivalent properties of the 
suspensions, with experimental results for suspensions is 
quite good. The theoretical value gives a conservative esti­
mate of the time constant required to achieve micromixing. 
It may be used as an upperbound for mixing design calcula­
tions . 
3. The measuring system developed is a definite im­
provement over the past designs. The master calibration 
using a thermistor network to conç>ensate for the change in 
the tairperature yields accurate and more reliable measure­
ments . 
4. An increase in the range of concentration that the 
probe can measure is recommended. For the present investi­
gation it was limited to 4Ù,Ù0Û ohms. This can be improved 
almost two fold by shifting the balance point on the ac 
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Wheatstone bridge. The overall output is limited by the 
Type 127 Tektronix preamplifier power supply output that 
was used to drive the Q-unit. However, one limitation of 
operating over a wider range is the change in capacitance 
in the system and its effect on total in^edance leading to 
a complex calibration procedure. 
5. The measuring technique may also be used to infer 
the starch particle distribution across the cross section 
by making use of suitable conductive tracer materials. 
This may shed some light on the minimum transport velocity 
of solid-liquid flow in such a system. 
Finally, the report would be incomplete without the 
mention of following jargon from hydrodynamics. "Hydraulic 
transportation is a common place mystery and today we are 
still groping for the equivalent of Hooke's Law." 
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IX. APPENDIX 
A. Equation of Motion 
Assuming that the mean velocity is constant through­
out the flow field considered and independent of time t, 
then the instantaneous velocity can be represented as a 
sum of the average velocity and a randcxn fluctuating ccan-
ponent, that is 
Ui = Ui + Ui . (A.1) 
Substituting this in Navier Stokes equation at a point A 
in the flow field 
au. au. , a .2 
[•at + <"]£ +V = - P 8%+ ^ • '^-2' 
A 
Correlation equation between the velocities at A and B can 
be derived from this (35) 
8 a q , a g 
at "ifj - ^ik, j + ^i,kj 
= - p^- (A'3' 
where A is chosen to be the origin and 
and 
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and 
= '"i'APB 
For isotropic turbulence Elation A. 3 reduces to 
at (Qj j) — (S. .) — 2v & n X TJ 
V (OU J 
If l'A,B 
A,B A,B 
(A.4) 
where 
B. Estimation of Dissipation Energy e 
Taking Fourier transforms of correlation functions 
S, , = âf-(S,, . (r) - S, - ,(r)) = i,j ~ Bit: ik,j i,kj (k) e^^^-^^dk 
—00 
Qij = E^j(k) e^^^'^^dk (A. 5) 
One can rewrite Equation A.4 after transformation and 
contraction 
E^^(k) = coii(k) - 2v k^ E.^(k) (A.6) 
Define in an isotropic flow field over a sphere of radius k 
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E(k) = ATTk^ I E^^(k) (A. 7) 
and 
T(k) = 4Trk^ I co^j^(k) 
on substituting in Equation A.7 
= T(k) - 2v k^ E(k) (A.8) 
When Equation A.8 is integrated over infinite wave number 
range, time rate of change of kinetic energy of turbulent 
motion is given by 
J E(k)dk 
at 4 T(k)dk - 2v E(k)dk . (A.9) 
Now first term on the right is the rate of transfer of 
energy from one wave number to the other and obviously 
integration from 0 to » will yield zero. Thus 
9 
at 
E(k)dk = - 2v j k^E(k)dk = e (A. 10) 
say, where e is the dissipation energy. Recall Equation A. 5 
(A.5) Gi,i - E. . (k) ei(*-r)ak 
-.00 
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Applying spherical coordinates k, 0 and 0 with polar axis 
along the direction of r (note this choice is possible 
since the flow field under consideration is isotropic). 
27r IT 
Qj i (r,t) = dk d0 de E . .(R,t)k^ sin e e:Lkr cos e If 1 
o o 
or 
= 47r dk k^ E^^(k,t) 
Now as r _v 0 
Oii(o,t) = 3u'^ = 47r J dk k^ E^^(k,t) 
= 2 E(k)dk 
E(k)dk = I (A.ll) 
Substitute this in Equation A.10 
3 au /2 
2 9t = 2v k''E(k)dk = e (A.12) 
From Equation A. 4 Von KËrman-Howarth Equation can be 
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derived (35 ). 
•^ (u'^ f(r) = u'^ (^ +-^ )K(r)+ 2v f^ (r) , 
3r 
(A. 13) 
where f(r) is the longitudinal correlation coefficient. 
The function f(r) is an even function. In an expanded 
series form 
f(r) = f(0)^ 4 ^ ^ ]  + . . .  .  ( A . 1 4 )  
vr2 ^0 • r=0 
2 Further if one defines a longitudinal microscale \ as 
^2 ^  -2 . (A.15) 
r9^f(r)-| 
Lo 
Equation A. 13 on enç)loying Equation A.14 and in the limiting 
case as r _+ 0 becomes 
2 
= 2v u'^Lf" (0) + 4r (0) ] 
Since K'(0) = 0 ( flow field is isotropic and incompressible) 
Substituting from Equation A.15 
= - 20 ^  
Fran Equations A. 11/ A. 12 and A. 16 
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00 
E(k)d3c 
= 10 
00 
O (A.17) 
' k^E(k)dk 
o 
To divert a little, Reynolds number as is canmonly 
known is a function of some characteristic length, char­
acteristic velocity and property of the fluid. In isotropic 
case the mean velocity or boundaries are no factors and 
therefore conventional Reynolds number is of no signifi­
cance. To overccane this difficulty in characterizing the 
turbulent flow a microscale Reynolds number is introduced. 
For isotropic turbulence the characterizing velocity may be 
taken as the r.m.s. turbulent velocity u', and for char­
acteristic length microscale definition in Equation a. 15 
is utilized 
X 
2 -2  (A. 15) 
Thus 
The microscale Reynolds number has been correlated 
empirically with macroscale parameters (11 ) and is con­
veniently represented as 
105 
(A. 18) 
where is the macroscale. Substituting for Re ^  
/ K 
(A.19) 
Going back and combining Equation A. 16 and A.19 and in light 
of Equation A. 12/ dissipation energy 
The constant A^ is found to be on an average 1.1, it 
is independent of decay but a function of R^nolds number 
and varies from 0.8 to 1.4. 
C. Kolmogoroff's Theory 
Recall Equation A.8 here, and making use of the fol­
lowing definition 
k 
3 (8UI£, ^  3 Hli 
2 ^ dt ^ 2 ^ (A. 20) 
S{k) = - j T(k)dk 
o 
which can be looked up on as the energy transferred from 
the eddies in the wave number range 0 to k 
•^ ft^  = _ -^ 1^  - 2v k^ R(k) 
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Integrating the equation from 0 to k', where k' is a wave 
number representative of the rangé frcan dissipation eddies 
to the energy containing eddies. 
k' 
E(k)dk 
at — — s (k' ) — 2v y? E(k)dk 
which in effect says that the rate of change of kinetic 
energy is a direct consequence of a transfer from the range 
0 to k' to the range k' to » 
00 
•» 
£ = S(k) = 2v k^ E(k)dk . (A. 21) 
Thus beyond the wave number k' there exists a statistically 
equilibrium situation w.r.t. time and the process is inde­
pendent of the energy containing eddies directly. This 
explanation was first put forward by Kolmogoroff ( 40). His 
theory states that the eddies in the equilibrium state de­
pend only on the rate of energy dissipation & and on the 
kinematic viscosity v. The only characteristic length and 
velocity that can be made from a combination of v and e are 
3 1/4 
& = (Tr) * V" = ( V Ê ) 1/4 
based on the dimensional analysis. Inverse length scale is 
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often referred to as Kolmogoroff wave nionber. 
From dimensional analysis# one determines a form of the 
energy spectrum E(k) 
E(k) = *rh ^(kô) 
where %|) (k&) is a universal function. Substituting and b 
in terms of v and e one finds 
If the Reynold's number is very high so that sane large 
eddies in the equilibrium range are independent of viscous 
dissipation, then for these eddies inertia terms will be 
controlling. If such a range can be realized then i|) (kô) 
function must be such that Equation A. 22 is independent of 
the kinematic viscosity. Such a form is 
E(k) = tlj(kô) (A.22) 
i|)(k6) = (kô)-^/^ 
and Equation A.22 reads 
E(k) = V (A. 23) 
The confirmation to Kolmogoroff ' s theory through experiments 
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has been excellent29.). 
Recall Equation A. 13 at this point. In the limit as 
r 0, it reduces to Equation A. 15 which says 
ÔU , 2  
at 
= - 20 vu 
. 2  
and from the Theory section Equation 3.35 we have 
ac 
,2 . , 2  
at = - 12 D (A. 24) 
Similar to the development of Equation A. 17 analogous scalar 
spectrum can be defined. Analogous to Equations A. 11 and A. 12 
for scalar field 
E^(k)dk = c^ = c'2 (A. 25) 
and 
00 00 
at 
E^(k)dk - - 2D •k^ E^(k)dk = , (A. 26) 
say, from Equations A. 24, A. 25 and A. 26 
J dk 
5^1= 6-4-
J A^OOâk 
(A. 27) 
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and velocity scale already derived in Equation A.17 reads 
= 10 
E(k)dk 
00 (A. 17) 
k''E(k)dk 
If E(k) and E^(k) functions are known on theoretical or 
empirical basis the microscales can be calculated. In an 
analogy to the Kolmogoroff ' s theory Obukhov (54) and 
Corrsin (18) proposed a maximum characteristic wave number 
for a scalar spectrum 
k* = iAr) 
1/4 
(A. 28) 
but this was shown to be good for Schmidt numbers of the 
order of unity only by Batchelor (4). He concluded in his 
paper that for the case of Schmidt number »1 the maximum 
characteristic wave number of the scalar spectrum should be 
1/4 
) (A. 29) 
As a direct extension of Kolmogoroff ' s theory Equation A. 23 
Obukhov. (54) and Corrsin (18) analogously arrived at the 
expression for the inertial-convective subrange 
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El (k) = B £ 
c c 
-1/3 ^ -5/3 (A. 30) 
The scalar spectrvun relationship has been verified by the 
experiments of Gibson and Schwarz (25 ). From very large 
Schmidt numbers, the shape of E^ in the inertial convective 
range is unchanged, however scalar field cut off wave number 
is given Equation A.29 as derived by Batchelor (4). 
His theoretical prediction for the viscous convective sub­
range is given by 
kj^ « k « kg 
for large Schmidt number case. Exponential is of the order 
of unity. Thus 
For continuity of the E^(k) function at kj^ it is written as 
2 
(A.31) 
This (-1) relation is verified by the experiments of Nye 
and Brodkey (52). 
5 Using Equations A.30 and A.31, a - ^  aiid -1 c0itç)0site 
Ill 
spectrum, in Equation A. 27 
2 6"^/^ ( + 2/3 log (k^A.) 
- c^ )^ + 2/3(v/e)^ /^ (k|-k^ ) 
(A.32) 
Corrsin (16), starting from here and similar derivation for 
velocity micros cale, has performed an order of magnitude 
analysis in detail to get 
9 A T 1/3 
«13= i (3(#) (f) + log % j 
as written down in the Theory section Equation 3.34. 
D. Temperature Corapensalted Conductivity Probe for 
the Measurement of Turbulent Concentration Fluctuations 
Electrolytic solution and the thermistor have a nega­
tive temperature coefficient of resistance. Thus a reverse 
output signal of thermistor when connected in series with 
conductivity probe will have a compensating effect. 
For the conductivity probe, output voltage signal 
Vp = f (C,T) , or 
C = f*(V„,T) . (A.33) 
From Figure A.l it is evident that in the concentration 
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0 . 8  
-2.0 -1.6 -1.2 -0.8 -0.4 0.0 
INVERTED CONDUCTIVITY PROBE OUTPUT VOLTS 
Figure A.l. Conductivity probe response as a function of 
electrolyte concentration and temperature 
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and temperature range called for in the present investiga­
tion the probe signal is linear with respect to individual 
property while keeping the other constant. Thermistor out­
put signal is a function of temperature alone, i.e., 
= g(T) , or 
T = g*(V^) . (A. 34) 
The thermistor response was linearized connecting an 
^propriate parallel shunt resistor, see Figures A.2 and 
A.3 for details. 
From Equations A. 33 and A. 34 
C = f**(Vp,V^) . (A. 35) 
Lowest order regression model for nonadditive variables is 
C = a + bVp + dV^ + eVpV^ + hV^ + qV^ . (A. 36) 
In view of the linear response of the conductivity probe 
w.r.t. concentration and temperature individually, 
h = q = 0 . (A. 37) 
Therefore 
C = a + bVp + dV^ + eVpV^ . (A. 38) 
Parameters a, b, d, and h were obtained by performing 
\ 
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Figure A.3, Thermistor response with a parallel shunt resistor 
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regression analysis on the calibration data. Figure A.4 
illustrates the temperature compensation explicitly. 
For Newtonian fluids, turbulent flow velocity distri­
bution has been widely studied based on various phenom-
enological assumptions but none explains the entire flow 
region with a single equation. Pai (55) developed a solu­
tion to the complete Reynolds equation, amongst others, 
which does not resort to numerical methods. For pipe-flow 
he assumed 
where parameters a^, ag, and m have been determined from 
the boundary conditions. Parameter m is limited to an 
integer to assure a known symmetry of the velocity profile. 
By substitution of Equation A. 39 in Navier Stokes equation 
and solving for an incompressible pipe flow gives 
E. Turbulent Flow Analysis 
/ (A. 39) 
and a - ^ ^ 
~ m - 1 / (A. 40) 
where 
Brodkey, jet al. (12) has empirically correlated extensive 
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Figure A.4. Conductivity probe response incorporating 
temperature compensation circuit 
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pipe flow data available in literature. Parameters m and 
s are given by 
m = -0.617 + 8.211 x 10"^ , and 
s = 0.585 + 3.172 x 10"^ - (A.41) 
A complete agreement is found between the existing data and 
Pai's power series representation for Reynolds number less 
than 100,000. Brodkey, et al. (12) has extended these re­
sults to power law fluids. 
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Figure A.5. Mean concentration sample data; (a) — = 0.084; 
(b) I = 0.252 
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Figure A.6. Root mean square concentration sample data; 
(a) 5 = 0.084; (b) § = 0.252 
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